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INTRODUCTION

37
The near-surface mounted (NSM) fiber-reinforced polymer (FRP) strengthening technique, as 38 a promising alternative to the externally bonded (EB) FRP method for structural strengthening, 39 has attracted worldwide attention over the last decade. Compared with the EB FRP method, 40 the NSM FRP method has a number of advantages, including a higher bonding efficiency and 41 a better protection of the FRP reinforcement [1] . FRP bars of various cross-sectional shapes 42 (e.g. square, round and rectangular bars) have been studied by researcher as NSM FRP 43 reinforcement. Existing experimental studies have showed that compared with other 44 cross-sectional shapes, FRP strips (i.e., rectangular bars with a large aspect ratio) possesses a 45 much better bonding efficiency (i.e., a higher local bond strength and a higher interfacial 46 fracture energy), as they have a larger perimeter-to-cross-sectional area ratio and a larger 47 embedment depth [e.g. 2-5]. In terms of material type, carbon FRP (CFRP) are thought to be 48 more attractive than other types of FRP for the application of NSM strengthening technique, 49
as CFRP usually has a higher strength and stiffness and thus could lead to a small 50 cross-sectional area with the same demand in load-carrying capacity. Therefore, CFRP strips 51 have become very popular for the use in NSM FRP strengthening and have attracted a large 52 number of studies [e.g. 1, [5] [6] [7] . As one of the fundamental issues in the application of NSM 53 FRP strengthening method, the bond strength, which is the maximum force that can be 54 developed in the FRP reinforcement in the test of bonded joints [e.g. 8, 9], has been studied 55 by a number of researchers, and several bond strength models have been proposed for NSM 56 FRP-to-concrete interfaces by directly regressing test results on NSM FRP-to-concrete 57 bonded joints [e.g. 10, 11] or conducting a numerical parametric study [e.g. 12, 13]. All the 58 existing models, however, were proposed for a single FRP strip NSM to concrete and thus 59
have not taken into account the effect of groove spacing (i.e., the net distance between 60 grooves g a , as shown in Fig. 1 ) on the bond behaviour. In real application of NSM FRP 61 one need to be included in the built FE model. Failure of NSM bonded joints may happen in 112 the materials (i.e., FRP, adhesive and concrete) or at FRP-to-adhesive/concrete-to-adhesive 113 interfaces [13, 14] . However, it has been widely accepted that in practical applications, it 114 should be guaranteed that the final failure is controlled by the failure in concrete as otherwise 115 the strengthening efficiency cannot be maximized. Existing experimental studies, in fact, 116 have proved that cohesive failure in concrete can be ensured by using an appropriate adhesive 117 (usually with a tensile strength much higher than the concrete) and by carrying out 118 appropriate surface preparation before application [13] . Therefore, in the numerical 119 simulation of NSM bonded joints, the accurate modelling of concrete material is of critical 120 importance. Following Teng et al. [14] , the modelling of concrete, in particular the tensile 121 and shear behavior of the cracked concrete, was carefully treated in the present study. The 122 well-established tension-softening curve and the shear retention factor model for cracked 123 concrete were incorporated into the FE model through user-defined subroutines. 124
FE model and boundary conditions
125
The schematic of the NSM bond joints with two parallel FRP strips modelled in the present 126 study is shown in Fig. 2 . The specimens have a height of 150 mm and a total length of 550 127 mm. The bond length of the FRP is 450mm, which is longer than the effective bond length 128 according to Zhang et al. [13] and Seracino et al. [9] . A length of 75 mm is left near the 129 loaded end to avoid local shear failure at loaded end, while a length of 25 mm is left near the 130 free end of the FRP strip. The concrete edge distances (i.e., e a in Figs. 1 and 2 , the distance 131 between the outmost groove and the nearer edge of the concrete) in the specimen is changed 132 according to the height of the FRP strip, which will be introduced in details later in the 133 parametric study. Only half of the specimen is included in the FE model (Fig. 2) , by taking 134 advantage of symmetry. In addition, the bottom layer of concrete block with a height of 50 135 mm was not included in the FE model. Such simplification has only marginal effect on the 136 modeling accuracy but can significantly save the computational time [14] . The applied 137 boundary conditions include ( Fig. 2): (1) the displacements in the width direction of the 138 specimen are prevented on the plane of symmetry; (2) the lower portion (with a height of 50 139 mm) of the vertical surface of the concrete block at the loaded end is restrained in the length 140 direction of the specimen; and (3) the displacement of bottom surface of the concrete block in 141 the vertical direction is restrained. First-order solid elements, which have eight nodes and full 142
Gaussian integration scheme, are used to model the concrete block, the CFRP strip and the 143 
Significance analysis of parameters
166
Before the above built FE model to be employed in the parametric study to investigate the 167 effect of groove spacing on the bond strength, an analysis of the involved parameters should 168 be carried out to identify the significant factors for the present study. 169
170
As the cohesion failure in the concrete near the epoxy-to-concrete interface is the failure 171 mode of interest in the present study, the strength of concrete ( c f ) is obviously one of the 172 most important parameter in determining the bond strength. A higher strength of concrete 173
gives a higher fracture energy of concrete and thus a larger bond strength. The groove 174 dimensions also have significantly effect on the bond behaviour: a deeper groove leads to a 175 larger embedment depth of the FRP strip and thus a higher confinement from the surrounding 176 concrete to the FRP strip can be expected. Therefore, the aspect ratio of the groove (i.e., the 177 groove height g h to groove width g w ratio) should be important in determining the bond 178 behavior and thus should be included in the parametric study. The thickness of the FRP strip 179 is chosen to be 2 mm (a typical value for commercial CFRP strips), while the height of FRP 180 strip varies in the parametric study to achieve various heights of the groove. The elastic 181 modulus of the CFRP strip in the longitudinal direction is chosen to be 150 GPa (a typical 182 value for pultruded CFRP strips). FRP strips with a height of 30mm. The value of 0mm of the groove spacing refers to the 227 special case in which the two FRP strips are bonded together to form a compound strip whose 228 thickness is twice of the original ones. As shown in Table 1 , the name of each numerical case 229 starts with a letter "C", followed by a letter "f" and a Roman numeral to represent the 230 concrete strength ( c f ), a letter "h" and a Roman numeral to represent the height of the CFRP 231 strip ( f h ), and two letters "ag" and a Roman numeral to represent the groove spacing ( g a ). 232
For instance, Case-f20-h10-ag20 refers to the specimen which has a concrete strength of 20 233
MPa, a FRP strip height of 10 mm and a groove spacing of 20 mm. 234
RESULTS OF PARAMETRIC STUDY
235
Failure process
236
The Specimen Case-f20-h10-ag60 is selected as an example to demonstrate the predicted 237 typical failure process of bonded joints with two FRP strips, as shown in Fig. 3 , in which the 238 distribution of maximum principal cracking strains in the concrete are plotted. It can be seen 239 from Fig. 3 , at the initial stage of loading, only a few cracks develop in a very small region 240 near the loaded end while most of the concrete block is still in the elastic range (Fig. 3a) . 241
With the increase of the applied load, the width of cracks becomes larger (identified by the 242 color of the plotted maximum principal cracking strain) and the crack region extends in a 243 stereoscopic manner (Fig. 3b) . Transverse cracks (i.e., in the plane perpendicular to the load 244 direction) form in the concrete between the two parallel grooves. These cracks are almost 245 vertical within a small layer of the concrete near the top surface of the specimen and become 246 inclined to the horizontal at an angle of around 45 degree when the depth increases. On the 247 other side of the groove (i.e., outside the region sandwiched by the two grooves), the 248 fish-spine-like cracks (i.e., cracks at around 45 degree to the loading direction) appear on the 249 top surface of the specimen. The discrepancies in the crack patterns on the two sides of the 250 groove reveal that the stress states in the concrete on the two sides of the groove are 251 significantly different from each other. This further indicates that interaction between the two 252 grooves exists during the loading process, which influences the behavior of concrete in 253 between. With the further increase in the applied load, more cracks form and the cracking 254 region gradually propagates along the bondline to the free end of NSM FRP strips (Fig. 3c) . 255
At the final stage, the cracking region takes up around 60% of the bond length and does not 256 reach the edge of the concrete block ( groove spacing is larger than a certain value, further increase in the groove spacing gives 276 marginal if not no increase in the bond strength. It can be seen from Table 2 that, for all 277 studied series of numerical specimens, the bond strength of the specimens with the largest 278 value of groove spacing studied in that series is very close to that with the second largest 279 groove spacing, indicating that the value of bond strength has been converged with respect to 280 the value of groove spacing. 281
Threshold value of groove spacing
282
In the present study, the minimum required value of groove spacing for the full development 283 of bond strength of the bonded joint with two FRP strips is termed as the threshold value of 284 groove spacing (i.e., gt a in Table 2 ). The threshold value of groove spacing listed in Table 2  285 are obtained using the following steps: (1) for each of the nine series of the numerical 286 specimens, find the best-fit four-order polynomial function to describe the relationship 287 between the bond strength and the value of groove spacing; (2) use the obtained best-fit 288 four-order polynomial function to calculate the value of groove spacing which corresponds to 289 99% of the bond strength obtained with the largest groove spacing in that series, and this 290 groove spacing value is treated as the threshold value of groove spacing in the present study. 291
The threshold values of groove spacing obtained using this method are listed in Table 2 . 292 293 It can be seen from Table 2 that a larger groove height (i.e., a larger FRP height) or a higher 294 concrete strength leads to a larger threshold value of groove spacing, which is not difficult to 295 understand: a deeper groove or a higher strength of concrete usually incurs a larger motivated 296 stress zone around the groove and consequently a larger overlapping zone of the stress for a 297 given value of groove spacing. To find the calculation equation for the threshold value of 298 groove spacing, firstly, the relationship between the threshold value of groove spacing and 299 the groove height is plotted in Fig. 5a , in which the best-fit power functions are also shown. It 300 can be seen from Fig. 5a that the relationship between the threshold value of groove spacing 301 and the groove height can be described by the following power function: 302 The predictions of the threshold value of groove spacing from Eq. (1) are compared with the 311 results from the FE analysis (see Table 2 ) in Fig. 5d , from which close agreement can be 312 observed. It can be seen from Table 2 that the ratios between predictions of Eq. (1) 
Reduction factor g
 accounting for the effect of groove spacing
316
As can be seen from the parametric study, when the groove spacing is smaller than the 317 threshold value, interaction between adjacent grooves/FRP strips exists and as a result, the 318 maximum load u P that could be resisted by each FRP strip in bonded joints with multiple 319 FRP strips will be smaller than the bond strength of NSM bonded joints with a single FRP 320 strip u P . To account for this detrimental effect on the bond strength, a reduction factor g  321 needs to be introduced as 322
In the present study, it is assumed that u P is equal to u P when the groove spacing reaches 324 the threshold value gt a . To get g  , for each studied series in the parametric study, the 325 threshold value of groove spacing and the corresponding bond strength are treated as the 326 references, with respect to which other groove spacings and bond strengths are normalized 327 respectively. The normalized bond strength versus the normalized groove spacing curves just 328 represent the reduction factor g  and are shown in Fig. 6a , from which it can be seen that where n is the number of FRP strips; u P is the bond strength of NSM bonded joints with a 364 single FRP strip and can be obtained using the equation proposed by Zhang et al. [13] : 365 
Comparison with FE results
381
The comparison of bond strength between the prediction of Eq. (10) and FE results for the 45 382 numerical specimens (see Table 2 ) are listed in Table 3 and plotted in Fig. 7 . It can be seen 383 from Table 3 that, if the detrimental effect of groove spacing is ignored (i.e., the reduction 384 factor is set to 1.0), the proposed bond strength model overestimates the FE results with an 385 average prediction-to-FE load ratio of 1.142, and the scatter of the prediction is relatively 386 large with a STD of 0.152 and a CoV of 0.133. If the accurate reduction factor (Eq. 5) is 387 adopted, the performance of the proposed bond strength model is largely improved, with the 388 average, STD and CoV of prediction-to-FE load ratio being 1.017, 0.011 and 0.011 389 respectively. It can be also seen form Table 3 that the proposed bond strength model with the 390 simplified reduction factor (Eq. 6) can give similarly accurate prediction to that with the 391 accurate reduction factor (Eq. 5), with the average, STD and CoV of prediction-to-FE load 392 ratio being 1.008, 0.050 and 0.050 respectively. The better performance of the bond strength 393 model with either the accurate reduction factor or the simplified reduction factor can be also 394 evidenced by the much smaller scatter of the points plotted in Fig. 7 : the points predicted by 395 either the accurate reduction factor or the simplified reduction factor are very close to the 396 diagonal line (i.e., y=x), while most points predicted without considering the detrimental 397 effect of groove spacing are far away from the diagonal line. 398 (i.e., the height of 20mm and the width of 1.2mm) were used in each specimen, with the 410 groove spacing between them being varied to study its effect on the bond strength. Recently, 411 the authors conducted a series of tests on bonded joints with two parallel CFRP strips to study 412 the effect of groove spacing, using the test setup shown in Fig. 8 . In the test, the concrete 413 block has a height of 150mm, a length of 400 mm and a width of 300 mm; the CFRP strip 414 had a height of 16mm, a thickness of 2 mm and a bond length of 350mm; the tensile strength 415 and elastic modulus of the CFRP strips, averaged from three tensile specimens, were found to 416 be 2131 MPa and 123 GPa respectively. The details of all specimens are listed in Table 4 . 417
Comparison with test results
399
418
The comparison of the bond strength between the prediction from the proposed model (i.e. Eq. 419 10) and test results are listed in Table 4 and plotted in Fig. 9 . As can be seen from Table 4, 
With reduction factor
Without reduction factor
